We have developed a femtosecond high-intensity laser system that combines both Ti:sapphire chirpedpulse amplification (CPA) and optical parametric CPA (OPCPA) techniques and produces more than 30 J broadband output energy, indicating the potential for achieving peak powers in excess of 500 TW. With a cleaned high-energy seeded OPCPA preamplifier as a front end in the system, for the compressed pulse without pumping the final amplifier, we found that the temporal contrast in this system exceeds 10 10 on the subnanosecond time scales, and is near 10 12 on the nanosecond time scale prior to the peak of the main femtosecond pulse. Using diffractive optical elements for beam homogenization of a 100 J level high-energy Nd:glass green pump laser in a Ti:sapphire final amplifier, we have successfully generated broadband high-energy output with a near-perfect top-hat-like intensity distribution.
Introduction
The invention of chirped-pulse amplification (CPA) [1] together with titanium-doped sapphire (Ti: sapphire) media have enabled generation of ultrashort laser pulses with high intensity, accessing opportunities for experimental study of the behavior of matter in ultrahigh electromagnetic fields in smallscale laboratories [2, 3] . Recently much effort in CPA laser development has been expended toward achieving high intensities, such as the 100 TW or even petawatt power level [4] [5] [6] [7] [8] [9] . Consequently, high-intensity laser-matter interaction studies can now be done with focused peak intensities in the 10 20 W=cm 2 range or more [7, 10] . This progress in high-field science gives rise to the birth of new applications and breakthroughs, which include relativistic particle acceleration [11] [12] [13] [14] , bright x-ray source generation [15] [16] [17] , and nuclear activation [18] .
To reach these intensities, great effort has been directed to increasing the pulse energy and reducing the pulse duration. For many experiments, increased peak intensities require a commensurate improvement in temporal contrast. Here, the temporal contrast (referred to henceforth as, simply, contrast) is taken to be the ratio of the peak intensity of the main pulse to the intensity of the amplified spontaneous emission (ASE) background and has values much greater than one. The temporal contrast is a critical characteristic of femtosecond high-intensity laser pulses for many experiments where it is important to avoid any modification of the target, such as preplasma formation, before arrival of the main femtosecond laser pulse [19, 20] . For example, with intensities greater than 10 20 W=cm 2 and contrast in the range of 10 6 -10 8 , the prepulse intensity level (and duration) is above threshold for pre-plasma formation on a solid target. In this low-contrast case, the ASE alters the physical condition of the target for the main intense pulse. To avoid preplasma formation before the main femtosecond pulse of such high-intensity arrives, it is essential to increase the contrast level to 10 10 or more. The use of high-contrast pulses for interaction of high-intensity lasers with solid targets is of primary importance for a number of experiments. Specifically, experimental data and particle-in-cell simulations of laser acceleration of ions suggest the maximum proton energy increases significantly as the target thickness is reduced for sufficiently high laser intensity and contrast [11, 12, 20] . Because contrast is crucial for accessing high-field physics in desired targets, it has become a major issue, and is today under serious investigation throughout the world. Some techniques for improving the contrast of high-intensity lasers, such as the use of saturable absorbers [21, 22] , nonlinear Sagnac interferometers [23] , double CPA laser system architecture [24] , cross-polarized wave (XPW) generation in nonlinear crystals [25, 26] , and selfinduced plasma shuttering (also called "plasma mirror") [27, 28] , have been proposed and tested. More recently, the XPW has been investigated and s temporal contrast of over 10 10 has been reported at multiterawatt power levels [29] . However, this has not yet been implemented in petawatt-class laser systems. In addition, the efficiency of this technique is limited to the range of 10%-20%, although input intensity can be at the TW=cm 2 level [30, 31] . The plasma mirror is a simpler, more effective and more robust technique that can be applied at the full compressed pulse energy focused to high fluence levels for which there are consequently no additional downstream contributions to ASE. Therefore, the plasma mirror is used in many laboratories, and significant improvement in the contrast, to levels much greater than 10 10 , have been reported [28] . However, the single-stage efficiency is typically no more than ∼70% [27] , and it is challenge to implement this technique at high repetition rates because each targeted area is used once for each laser shot. Optical parametric CPA (OPCPA) [31, 32] is becoming increasingly popular as a frontend preamplifier system that can significantly improve contrast, but has been evaluated only for the front end of a petawatt-class Nd:glass laser system for fusion research [33] [34] [35] [36] upstream of an amplifier chain and where the pulse energy is much lower. The use of an OPCPA preamplifier in a petawatt-class high-intensity Ti:sapphire laser has not been studied, to our knowledge.
Homogeneous flat-top circular profiles with steep edges are needed to pump a large-aperture Ti: sapphire crystal, to enable high beam quality CPA systems at the petawatt power level. In petawattclass systems, the flat-top transverse beam profile is required for both amplification efficiency and to guarantee operation below the damage threshold on large-aperture Ti:sapphire crystals and large gratings, which are typically very expensive optical components in the system. Frequency-doubled largeaperture high-energy Nd:glass green lasers are widely used to pump petawatt-class laser systems [4] [5] [6] 8, 9] . The flat-top beam profile is required from the pump lasers to maintain acceptable beam quality, reliable damage-free operation, and to increase amplification efficiency. However, the direct output beam of the Nd:glass laser system typically exhibits a poor (unacceptable) spatial beam profile, which can lead to local hot spots (high intensity). These hot spots can induce intensity modulations and enhance parasitic transverse lasing. It is necessary to control the green pump profile to achieve a mandatory flattop distribution. Some methods for maintaining the flat-top profile of Nd:glass green pump lasers have been investigated, such as image relaying (with spatial filtering in some cases) [4, 5, 8] and the use of a microlens array [37] . The shaping the glass pump beam profile with a microlens array homogenizing system has been demonstrated [37] . The working principle of this technique is to divide the incident beam into many subapertures, which are all expanded onto the same area in the so-called target plane that lies inside the laser crystal. The resulting profile in the target plane, however, can exhibit the Talbot effect, which might result in low amplification efficiency due to low beam overlap efficiency. The utilization of diffractive optical elements (DOE) has been proposed for profile homogenization. However, to date, there have been only a limited number of reports on beam homogenization of high-energy lasers using a DOE [38] .
The development of energetic, intense laser systems with adequately high temporal contrast and high spatial quality remains an important challenge. The development of such laser sources will bring us closer to the realization of compact energetic proton, electron, or x-ray sources that can potentially revolutionize medical and industrial science and technology.
In this paper, we describe a temporally and spatially high-quality petawatt laser system (which we have named J-KAREN). The system utilizes a cleaned ("cleaned" refers to ASE pedestal suppression) highenergy seeded low-gain OPCPA preamplifier in a double CPA architecture with extremely high temporal contrast. DOEs are used for beam homogenization of a 100 J class high-energy green pump laser for achieving a highly spatially flat-topped amplified beam. We have demonstrated over 30 J of uncompressed broadband output energy from this system, indicating potential for reaching peak power above 500 TW with a pulse energy of 20 J and compressed duration of less than 40 fs, and with a temporal contrast exceeding 10 10 . Because state-of-the-art petawatt-class CPA laser facilities use Ti:sapphire amplifiers, temporal contrast is in the approximate range of 10 6 -10 8 . Specifically, the use of double CPA with an OPCPA preamplifier and a Ti:sapphire main amplifier leads to extremely high temporal contrast in the petawattclass power range. An efficient beam homogenization scheme using DOEs produces a broadband amplified flat-topped output with a 70% filling factor. To the best of our knowledge, this is the first petawatt-class hybrid laser system that combines both Ti:sapphire CPA and OPCPA techniques, and the first to evaluate the filling factor values for the spatial profile for both pump and amplified broadband beams with DOEs. The performance of this high-intensity laser system will enable many high-field applications.
Design and Performance of J-KAREN Laser System
A schematic of the J-KAREN laser system is shown in Fig. 1 . The system consists of two successive CPA stages linked by a saturable absorber, which acts as a nonlinear temporal filter. The first CPA stage consists of an oscillator, a stretcher, a nine-pass amplifier and a compressor. The second CPA stage consists of a stretcher (using 1480 grooves=mm gratings), a two-stage OPCPA preamplifier, a four-pass Ti:sapphire preamplifier, a four-pass cryogenically cooled Ti:sapphire power amplifier, a three-pass Ti: sapphire final booster amplifier and a compressor that consists of four 1480 grooves=mm gratings.
A. Front-End System
In the first CPA stage, we use a compact commercial Ti:sapphire CPA laser system (Femtolasers, Femtopower Compact Pro). This system produces submillijoule, sub-30 fs pulses at a repetition rate of 1 kHz. Part of the ASE pedestal on these femtosecond pulses from the first CPA system is initially removed by transmission through a saturable absorber. We avoid thermally induced damage to the saturable absorber by operating a Pockels cell at a 10 Hz repetition rate in the nine-pass amplifier, which then transmits pulses to the absorber and on to the second CPA stage of J-KAREN at only 10 Hz. The remaining pulses at 990 Hz will be directed to other experimental areas. The pulses are transmitted through the saturable absorber with 20% efficiency and then these cleaned microjoule pulses are sent to the second CPA stage. It is important to note that the main laser pulses must be compressed to femtosecond durations at the input of the saturable absorber in order to remove the unwanted ASE portion (hence the need for a double-CPA architecture).
The challenge is to generate the high-energy, cleaned femtosecond laser pulses for the second CPA stage. By injecting high-energy cleaned seed pulses into the second CPA stage, the amplification ratio (gain) in the second is kept low and, therefore, the final ASE level can be suppressed.
B. OPCPA Preamplifier
In the second CPA stage, the OPCPA preamplifier replaces the more conventional regenerative amplifier in order to maintain the high contrast and broad spectral bandwidth. As input to the OPCPA, cleaner seed pulses of energy 2:5 μJ are temporally restretched to ∼1 ns duration (FWHM) by an all-reflective Öffner stretcher [39] . The stretcher is composed of gratings with a groove density of 1480 grooves=mm, a 1000 mm radius of curvature concave mirror (320 mm diameter), a −500 mm radius of curvature convex mirror (160 mm long, 15 mm high), and a roof mirror. A Faraday isolator and the Pockels cell with a pair of polarizers provide needed optical isolation between the oscillator and the Öffner stretcher. Parametric fluorescence is known to degrade contrast in the high-gain regime where seed energies are low (of the order of nanojoules) and pump intensities are high. Therefore, contrast improvement can be mitigated with higher seed energy levels (2:5 μJ) and a lower OPCPA gain requirement [40] [41] [42] . Our OPCPA preamplifier consists of two β-barium borate (BBO) crystals. A BBO crystal is chosen as the nonlinear crystal because of its high effective nonlinear coefficient. The crystals have a oss ection of 7 mm × 7 mm and their lengths are 19:5 mm. Both antireflection-coated (AR-coated) crystals are cut at 23:8°to maximize the gain bandwidth and to facilitate type I noncollinear angular phase matching with an external angle between the seed and the pump of 3:9°. Each crystal is mounted on a precision rotation stage to optimize the angle between the input beams and the crystal. A common pump pulse is used for the OPCPA to reduce the system size and complexity. Each crystal has a 2°wedged output face to suppress intracavity oscillation [22, 43] .
A commercial frequency-doubled, Q-switched single-longitudinal-mode Nd:YAG laser operating at 532 nm (Spectra-Physics, Quanta-Ray Pro-230-10) pumps the OPCPA stages at 10 Hz with pulse energy over 300 mJ within a 9:7 ns (FWHM) duration. The output temporal profile is smooth and near-Gaussian and the spatial profile almost a flattop. Pump pulses are relayed to a plane between the two BBO crystals with a vacuum image telescope that precisely matches the pump beam diameter to that of the seed (∼4:3 mm at the 1=e 2 intensity points). OPCPA gain is measured with a photodiode and a calibrated neutral density filter set. With an energy of 2:5 μJ, the input seed intensity is near 17 kW=cm 2 . Most OPCPA systems operate with very high gain, of the order of 10 7 -10 11 [43] [44] [45] [46] [47] . However, our OPCPA provides a maximum gain of only ∼1:8 × 10 3 with a pump energy of 208 mJ (corresponding to a pump intensity of 150 MW=cm 2 ) and amplifies the seed pulses to ∼4:5 mJ. Parametric fluorescence can deteriorate the temporal pulse contrast when using the low seed energy in combination with the high pump intensities that are typical. Temporal pulse contrast can, therefore, be improved by operating the OPCPA in a higher seed energy, low-gain mode. Pump and seed pulses are synchronized in time by a Thales Laser ISEO unit, with a characteristic timing jitter of less than AE0:5 ns in our system. Automatic beam alignment systems for both seed and pump beams are used to implement beam adjustment to improve long-term stability. We obtain a measured shot-toshot energy stability over 10 min of AE5% in our OPC-PA system.
Using a saturable absorber is a simple way to remove the ASE, but it can also result in spectral narrowing in CPA systems. Within the OPCPA, altering the phase-match setting makes it possible to tune the central wavelength of the amplified pulse and, therefore, spectral shaping of the amplified pulse in a given spectral range is possible by cascading two BBO crystals working under slightly different phase-match settings. Another significant advantage of the OPCPA system [43, 48] is that spectral control can also be achieved by varying the noncollinear pump-signal angle and the amplification pulse timing. In our system, the spectral bandwidth of the first CPA stage output is 42 nm (FWHM), which is reduced to 39 nm (FWHM) after passing through the saturable absorber. However, we obtain broader bandwidth of 53 nm (FWHM) by spectral shaping in the OPCPA preamplifier. The OPCPA output spectrum can also be optimized to better match the gain characteristics of the subsequent amplifiers.
C. Cryogenically Cooled Ti:Sapphire Power Amplifier
The nanosecond ASE pedestal on the OPCPA output pulse is eliminated with an ultrafast Pockels cell, which has a rise time of less than 150 ps. Following this "nanosecond" cleaning of the OPCPA output, a conventional four-pass Ti:sapphire preamplifier further amplifies the pulse energy. The preamplifier consists of a 20 mm diameter Ti:sapphire crystal with AR-coated faces and is pumped by a commercial frequency-doubled, Q-switched Nd:YAG laser (Continuum, Powerlite 9010) that delivers ∼800 mJ (532 nm) pulse energy at 10 Hz. The pump beam is split into two beams that are relay imaged to opposite faces of the Ti:sapphire crystal. Image relaying is used throughout the optical train to minimize the diffractive effects, maintain beam uniformity, and to optimize coupling efficiency between the pump and the signal beams. Preamplification to a maximum output energy above 260 mJ is obtained with a ∼700 mJ pump energy.
The pump laser also heats the Ti:sapphire crystal. Originating mainly from the difference between the pump and the amplified beam photon energies (quantum defect), heating generates a spatial refractive index gradient in the crystal, which is a source of unwanted thermal lensing of the amplified beam. Thermal lensing in Ti:sapphire gain media can be major problem if unaddressed in preamplifier design. So, in this Ti:sapphire preamplifier, the appropriate beam divergence is introduced (by adjusting the lenses separation in the upstream Galilean beam expander at the OPCPA exit), which matches the thermal focusing power of the Ti:sapphire preamplifier to counteract the thermal lens effect in the crystal. The input seed laser beam diameter is larger than the pump beam diameter. However, thermal focusing reduces the seed beam diameter to a collimated ∼6 mm after four-pass amplification. At the Ti:sapphire preamplifier exit, the beam is subsequently up-collimated to an ∼18 mm diameter and introduced into the four-pass cryogenically cooled Ti:sapphire power amplifier, which uses a 40 mm diameter AR-coated Ti:sapphire crystal. The power amplifier is pumped at 10 Hz by ∼6:5 J of second harmonic energy delivered by six commercial frequency-doubled, Q-switched Nd:YAG lasers (Spectra-Physics, Quanta-Ray Pro-350). All pump lasers are also image relayed to maintain a uniform spatial profile and to prevent damage to optics that can be caused by diffractive effects. As with the preamplifier, high average pump power can induce strong thermal lensing. We implemented cryogenic cooling to increase thermal conductivity, while reducing both refractive index gradient and the thermomechanical stress. Cryogenic cooling results in thermal focal lengths near 4; 000 m under the maximum pumping condition, rendering thermal lensing insignificant [10, [49] [50] [51] . Figure 2 shows the measured dependence of output energy from power amplifier on total pump energy at a 10 Hz repetition rate. The data are obtained by increasing the pump energy while maintaining the Ti:sapphire crystal temperature at 100 K in the cryogenic chamber. A maximum output energy of over 3:2 J is achieved with an incident pump energy of ∼6:5 J. The excellent power stability of less than AE2% is observed over a 1 h interval, which is well in excess of the amplifier thermalization time at the highest pump level. The whole system is highly stable for several hours. The amplified pulse spectrum from the Ti:sapphire amplifier is redshifted due to saturation. As a mitigating measure, the amplifier input spectrum is, therefore, blueshifted by tuning the phase-match setting of the BBO crystals in the OPCPA preamplifier. We obtain the spectral bandwidth of over 45 nm from the power amplifier.
D. Large-Aperture Ti:Sapphire Booster Amplifier
The pulse undergoes final amplification in the booster amplifier, which uses a large-aperture 80 mm diameter Ti:sapphire crystal that is pumped with a frequency-doubled large-aperture high-energy Nd:glass laser. Our pump laser has single-pass master oscillator power amplifier architecture, operated at a few shots per hour. In the pump system, a longcavity Q-switched Nd:YAG master oscillator generates ∼200 mJ pulses of ∼28 ns duration (FWHM) at a 1064 nm wavelength, which matches the emission band of the Nd:silicate-glass rod amplifiers. The duration of the oscillator pulse should be as long as possible to enable high-output fluence operation without optical damage. The oscillator output is shaped with a soft aperture to a near flat-top intensity distribution and then preamplified to ∼1 J by a 9 mm diameter Nd:YAG rod preamplifier. The pulse energy is further increased in a chain of 16, 25, 45, and 64 mm diameter Nd:glass rod amplifiers to ∼180 J. At appropriate locations, spatial filters and optical isolators (a pair of Faraday isolators) are used to suppress reflections that can cause damage upstream along the laser chain. The 1064 nm output pulses are down collimated to an ∼40 mm diameter and are subsequently frequency doubled to 532 nm with two 60 mm × 60 mm Type II KD 2 PO 4 (DKDP) crystals (Cleveland Crystals, Inc.). To achieve high conversion efficiency, we have used a quadrature arrangement for second harmonic generation (SHG), in which two nonlinear crystals cut for type II interaction are placed in series but are oriented perpendicular to each other [52, 53] . DKDP crystals are chosen because of the easy availability in large sizes. The input and output faces of the crystals are SolGel AR coated for both 532 and 1064 nm laser radiation. In the pump system, a maximum green pulse energy of 96 J is generated with an incident fundamental energy of 177 J at 504 MW=cm 2 , corresponding to an SHG efficiency of 54%. Dichroic mirrors separate the green and unconverted fundamental laser beams. With a half-wave plate and a thin-film polarizer, we generate an energy-balanced pair of green pump pulses from the DKDP crystals to provide similar energies for pumping both sides of the Ti: sapphire crystal. The two pulses are delivered to the Ti:sapphire crystal using reflective optics, image relaying, and DOEs (SILIOS Technologies). The polarization plane for one side is suitably oriented with respect to the Ti:sapphire crystal using a half-wave plate. We have selected DOEs for beam homogenization because they could produce a circular top-hat profile with sharp edges and they were readily available in the required size [9, 38] . The clear aperture of our AR-coated DOEs is 80 mm. Each DOE is divided into about 200 subcells, which are all expanded onto the same area at the target plane that lies in the Ti: sapphire crystal. The eight-level striped pattern corresponding to the engravings in the subcells in 1 mm thick fused silica material are specially calculated for our requested shape [54] . The diffraction efficiency of DOE is measured to be 82%. Because of some optical components, such as half-wave plates, dichroic mirrors, thin-film polarizers, reflective optics, and relaying optics [55] , the measured transmittance efficiency from the second DKDP to Ti:sapphire crystal, including the DOE efficiency, is 67% in our case. The undiffracted and on-axis focused beams are dumped.
The pulses from power amplifier are up-collimated and enter the three-pass Ti:sapphire booster amplifier. The Ti:sapphire crystal is a commercially available disk (Crystal Systems, Inc.) that is 80 mm in diameter and 33 mm thick. The crystal is AR coated on two main surfaces, but not polished on the cylindrical outer surface. To suppress parasitic lasing that is associated with Fresnel reflection from the cylinder inner surface, we have employed a layer of indexmatched thermoplastic polymer as absorption cladding, with a refractive index of 1.68 [4, 56] . Parasitic lasing is further suppressed by matching (as closely as possible) the surrounding environment to the high refractive index (1.76) of Ti:sapphire (which clearly increases the loss of the parasitic cavities by decreasing Fresnel reflection). We are also testing other cladding material using refractive index-matched liquid with broadband-absorbing dye. The refractive index is 1.76 at 800 nm and we found that it bonds readily to the crystal's outer cylindrical surface. This reduces the reflection coefficient at normal incidence from 7% in the air down to 0.01%. The absorption coefficient at 532 nm for the crystal with the refractive index-matched liquid cladding, for example, is 0:78 AE 0:25 cm −1 . This cladding technique might overcome the technical difficulty of the long-term performance of the high-gain amplification and the cladding refreshment for largeaperture Ti:sapphire crystals. This technique would enable the J-KAREN amplifiers to increase output energy, repetition rate, and long-term stability in the future. The output energy of the booster amplifier with the thermoplastic polymer cladding is shown in Fig. 3 . No energy saturation is observed within the investigated energy range. Thermal lensing in the booster amplifier is insignificant because of the low repetition rate. A maximum output energy of 31 J (uncompressed) is achieved with an incident pump energy of 56 J (an all optical conversion efficiency of greater than 50%).
E. Spatiotemporal Quality
The near-field spatial intensity distributions of the green pump beams from each DKDP crystal and the intensity distributions along the vertical and horizontal cross sections of these beams are also shown in Fig. 4 . The near-field spatial intensity distributions are imaged by a CCD camera through a set of image-relay optics with high-energy (∼100 J) green beams. As seen, the beams exhibit poor spatial qualities that are not suitable for directly pumping the Ti:sapphire amplifier. Most of the energy is concentrated in the outer edge area and, therefore, optical damage or parasitic oscillation could likely occur. Figure 5 shows the homogenized intensity distributions that are generated in the plane of the Ti: sapphire crystal for both pumping sides after passing through the DOEs. A maximum homogenized total green energy of 64 J is obtained at the Ti:sapphire crystal. From these figures, it is seen that nearperfect flat-topped intensity distributions are successfully generated and the DOE capability for beam homogenization is demonstrated. Because the use of beam homogenizers can prevent crystal damage and parasitic oscillation due to the spatial irregularities of pump beams, this should allow greater amplification by allowing pumping at higher fluence. Figure 6 shows the near-field spatial profiles of an over 30 J amplified broadband beam from the booster amplifier. The intensity distribution along the vertical and horizontal cross section of the beam is also shown. As seen, the beam profiles had near homogeneous flat-topped spatial intensity distributions. We have also evaluated the filling factor, which is defined as the ratio of peak intensity to average intensity of a spatial profile. A filling factor of 70% is obtained for over 30 J broadband output beam.
The pulse from the booster amplifier is also expanded to 120 mm through a spatial filter and then directed to the pulse compressor, which consists of four 1480 grooves=mm gratings. The measured throughput of the pulse compressor is 64%, which would correspond to compressed energy of 20 J with a 30 J uncompressed input. We measure the pulse duration without pumping the booster amplifier. The pulse duration is measured to be 38 fs with a fluctuation of less than AE5% using a frequencyresolved optical gating. An average pulse duration of 38 fs indicates the potential for peak power of greater than 500 TW.
We also measure the contrast without pumping the booster amplifier. The contrast for attenuated, amplified, compressed pulses is measured using the third-order cross correlator (Sequoia unit by Amplitude Technologies) in order to characterize the contrast on a subnanosecond time scale. A uncompressed high-energy beam of over 3 J is attenuated by a beam attenuation line to prevent the optical damage on the third-order cross correlator. The beam attenuation line consisted of a half-wave plate and two polarizers. This beam attenuation line exhibits a net variable extinction of greater than 10 2 . These optics are placed in a collimated beam line after the power amplifier in order to maintain the same beam quality, such as beam divergence. The attenuated beam is then passed through the booster (final) amplifier, without pumping, and the compressor. To deliver the high-energy beam, we just rotated the half-wave plate. Because the high-energy beam and the attenuated beam follow the same path and undergo the same pumping condition, the actual contrast is unaltered with increased pulse energy. Figure 7 shows the temporal pulse trace with delays from 500 ps prior to the main femtosecond pulse to 150 ps past the main pulse. We average over ten shots to obtain each individual data point. The peaks around the main pulse are attributed to multiple reflections of the main pulse at the optical components in the down-collimation beam line and the third-order cross correlator. The post pulses act as prepulses for the third-order cross-correlation signal. The background level observed is 10 −10 relative to the main pulse. Because of pulse broadening of the femtosecond main pulse by group velocity dispersion in optical components inside the present correlator, the measured contrast from Fig. 7 is actually better than that shown in the figure. Thus, we can conclude that the contrast is at least 10 10 on subnanosecond time scales. At the −100 ps delay, contrast degradation may come from noise on the OPCPA pump pulse [57, 58] . Further investigation is required to fully evaluate and confirm this contrast degradation mechanism. However, one can also see that 99% of the energy is contained in the main pulse from 0:25 ps prior to peak intensity to 0:25 ps past the peak intensity. The residual 1% of the energy is distributed over a 650 ps wide pedestal from 500 ps before the peak intensity to 150 ps after the peak intensity. We have used the numerical model based on the FrantzNodvik equation [59] and have calculated the gains of the booster amplifier at the maximum pumping conditions for the main pulse and the ASE. The calculated gain values for the main pulse and the ASE are 12 and 34, respectively. Taking account the calculated gain values, the measured contrast without pumping the booster amplifier in Fig. 7 , and femtosecond main pulse broadening effect at some optical components into account, we can conclude that the contrast should be over 10
10
, even though we use the booster amplifier with maximum pumping condition. We also plan to measure the pulse duration and contrast at full pumping energy for the booster amplifier. The background level is also expected to be the same as or less than the measured level in a nanosecond time scale [28, 60] . Considering the extinction ratio, 62, of the ultrafast Pockels cell, the contrast is estimated to be close to 10 12 on the nanosecond time scale. The energy outside the scanning range (650 ps) could be reduced considerably. The ASE background is generated mostly in the preamplifier stage. Our OPCPA preamplifier might generate several a nanoseconds pedestal with ∼10 12 contrast; however, the energy outside this range should be much less. Therefore, we can expect that most of the energy is concentrated on our scanning range and that the analysis in this range would be interesting. We will also infer focused intensity capability on target by measuring the focused spot size of an attenuated pulse.
F. Improvements of Pointing Stability
We have installed and tested three automatic beam alignment systems at the front end of the laser system. The systems have been used for the pump lasers for the Ti:sapphire oscillator in the first CPA stage, for the OPCPA in the second CPA stage, and for the seed laser for the OPCPA after the first CPA stage. There are two main reasons for installation of the alignment system. The first is to bring the beams back to their set positions after switch-on of the laser system and, hence, to speed up the set-up procedure. The second is to compensate for thermal and mechanical drifts to keep the beam positions for minimizing the temporal variation in energy and pulse duration during laser operations. Beam positions of the seed laser for the OPCPA, for example, are monitored by two position-sensitive detectors (PSD) using leakage pulse energy through the back of two high-reflection mirrors (TEM Messtechnik GmbH, BeamLock). The PSD is an analog device that operates with a 10-100 μs response time, so it is fast enough to monitor short-term fluctuations attributed to causes such as air turbulence and vibrations of the optical elements and benches. The software controlling the system calculates the centroid positions. If a deviation from the predetermined set-point values is detected, the beam is steered back by means of motorized actuators fitted to mirror mounts located upstream from the PSDs. Motorized mirrors are preferred to piezo driven mirrors because they hold their position when powered off. T avoid the large fluctuations during stabilization due to the steep displacement, we introduce annalog circuit to carefully adjust a proportional-integral-derivative controller. We also modify the circuit to hold the peak value of the pulsed signal from the PSD sensor because the sensor does not generate a signal during the shot-to-shot time period to detect pulses beams. Figure 8 shows the beam positions after switch-on during a typical day. As can be seen from this figure, beams are initially displaced by some amount, corresponding to up to one beam diameter. After about 1 s, displacements are corrected. Actually, the stability of the whole system is perfect throughout the day. The result clearly demonstrates that the automatic alignment system has greatly improved the stability and consistency of the system's performance. We plan to extend this stabilization system throughout the J-KAREN laser chain.
Conclusion
We have successfully combined multiple techniques for realizing a high-spatiotemporal-quality petawattclass Ti:sapphire laser system with the use of an OPCPA preamplifier in a double CPA and beam homogenization. The low-gain OPCPA preamplifier in the double-CPA scheme provides high temporal contrast, of over 10
10
, on a subnanosecond time scale. The ultrafast Pockels cell yields a close to 10 12 contrast on the nanosecond time scale. These results enable studies of ultrarelativistic laser-matter interaction at intensities of 10 20 W=cm 2 or more. The capability of DOEs for beam homogenization to produce a uniform flat-topped energy distribution at the Ti: sapphire crystal has been demonstrated. A nearhomogeneous amplified flat-top spatial intensity profile is obtained, minimizing the risk of damage in the large optical components. We have achieved the amplification of a broadband pulse greater than 30 J of uncompressed output energy, indicating the potential for reaching peak power in excess of 500 TW. Ultra-high-intensity, high-contrast, high-beamquality optical pulses generated in our J-KAREN 
